Abstract To determine the effect of high extracellular potassium concentration ([K]o)on the membrane current of the sinoatrial node cell, voltage clamp experiments were conducted using the double microelectrode technique.When depolarizing clamp pulses were applied,a transient inward current was followed by an outward current and an outward current tail flowed after the pulse.The amplitude of both the transient inward current and the outward current tail were markedly reduced with increasing [K]o,but the magnitude of the outward current during depolarization scarcely changed.The inward current during hyperpolarizing clamp pulses increased in magnitude at higher [K]o and the reversal potential for the inward current change decreased with increasing [K]o. From these results it was concluded that the suppression of the sinoatrial node automaticity at higher [K]o was due to the decrease in magnitude of both the transient inward current and the outward current tail.As the cause of the depression of the transient inward current,its inactivation through depolarization,increased outward leak current and some direct inhibitory effect of K were proposed.The reduction of the outward current tail was attributed to the decrease in the driving force of the K current.
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It is well known that raising the extracellular potassium concentration([K]0) eventually suppresses the spontaneous activity of the sinoatrial node(S-A node). The mechanism of this negative chronotropic effect of K may be deduced from the theory of the spontaneous action potential discharge in the myocardium which is summarized as follows (MCALLISTER et al.,1975; BROWN et al.,1976; NOMA and IRISAWA,1976a,b) .The transient inward current responsible for the rising phase of the action potential is triggered by slow diastolic depolarization which results from the combination of a relatively large background inward current with a slowly decaying outward current,which is activated by the preceding action potential and is chiefly carried by K ions.
If [K] o is raised,the magnitude of the membrane currents will change.The transient inward current will be partially inactivated by the depolarization of the membrane.The slowly decaying outward current will also be reduced by the decrease of the driving force of the K current.Furthermore,the slope conductance of the S-A node cell markedly increases when [K] o is raised (SEYAMA,1976 18mV.Because of incomplete intracellular impalement of the monitor electrode,the action potential by the monitor electrode was smaller by about 13% than that by the control electrode.Note the outward currents in records 1 and 2,the inward current in records 4,5,and 6 at the end of the voltage clamp.
during the clamping of the membrane potential to various levels in a specimen 0.3mm in diameter.The third monitoring electrode was incompletely inserted intracellularly,but the two parallel traces of the membrane potential during the voltage clamps suggested the homogeneity of the membrane potential within the specimen. Figure  2 shows the result in a current clamp experiment using three microelectrodes inserted in another specimen(0.25mm in diameter);current pulses were applied through one microelectrode and potentials at two sites were recorded with two other microelectrodes.The action potentials recorded at two different points within the specimen were similar These results confirmed the spatial homogeneity within a small S-A node specimen about 0.2-0.3mm in diameter. The spatial homogeneity under current clamp conditions.Two voltage traces and a current record were shown in each A-E.During the cathodal current application the amplitude of the action potential was reduced in B,and in A the action potential disappeared and the membrane potential was-17mV about 1sec after the onset of the pulse.In response to anodal current pulses(C-E)the activity stopped and the membrane potential was gradually depolarized after the initial peak.The anodal current suppressed the action potential even during the rapid rising phase of the action potential.
RESULTS

Decrease of the spontaneous rate at higher[K]o
When[K]o was raised from 2.7 to 15.0 or 20.0mm (Fig .3A) ,the overshoot and the maximum diastolic potentials decreased and the frequency of the spontaneous action potential was reduced.At 25.0mm [K] o the specimen became and-32.2mV,respectively.These values are evidently higher than the quiescent membrane potential of-17.3mV obtained after blocking the spontaneous activity by applying depolarizing current as seen in Fig.2 .Thus,cessation of the activity at 25.0mm[K]o may not be due solely to depolarization of the membrane. When the perfusate was returned to the control Tyrode,the maximum diastolic potential and the quiescent membrane potential increased in association with an increase of the spontaneous rate.
In Fig.3B ,the spontaneous rate about 2-3min after the onset of perfusion of various [K] o solutions was plotted against [K] o from three experiments.In every specimen the frequency decreased with increasing [K] o,and at 20mm [K] o the spontaneous action potential disappeared within 3min.This finding is consistent with the results obtained by TODA and WEST(1967) and by SANO et al. (1967) in the rabbit S-A node.
Membrane currents in various[K]o solutions
The magnitude of the recorded membrane current varied from specimen to specimen,probably due to the difference in the number of cells contained in different preparations.Therefore,effects of [K] o on the membrane current were studied by comparing currents between different[K]o in the same specimen. respectively,where the membrane current was negligibly small in the steady state .
Voltage clamp pulses of 0.5sec duration were superimposed upon each holding potential,thus bringing the membrane potential during the pulse to the sum of the holding potential and the pulse magnitude.The magnitude of the pulse was shown in mV in the left margin of each row of current traces.
On depolarization a transient inward current was followed by a slowly increasing outward current.On repolarization,a sudden change in the current trace was observed and its magnitude increased with increasing From the experiment shown in Fig.4 ,the current voltage relations for the early current (Fig.5A) and those for the delayed current( (Fig.5B ). At 25mM [K] o,the magnitude of the inward current during hyperpolarization was larger than that at 2.7 or 10mM [K] o,but the curve for the outward current was similar to those at lower concentrations. The decreased magnitude of the transient inward current (Fig.5A )might partially be due to reduction of both the holding potential and[Na].replaced by K,because the maximum rate of rise of the action potential is sensitive to these factors (NOMA and IRISAWA,1974) .To avoid these two effects on the transient inward current,experiments were carried out using a constant holding potential in solutions having normal [Na] .with after the perfusion.All of these current changes were reversible and 2-3min after re-perfusion of the control Tyrode the membrane currents returned to the control.These findings confirmed the idea that the transient inward current was depressed by increasing [K] o.
Decrease of the outward current tail at higher[K]o
It has been suggested that the outward current tail is responsible for the slow diastolic depolarization of the S-A node cell (NoMA and IRISAWA,1976b) .Therefore,the effect of K on the outward current tail was investigated by plotting the magnitude of the outward current tail at 2.7,10,and 25mM[K]o against the membrane potential during the preceding test pulses in Fig.8 .At 2.7mM[K]o the magnitude of the outward current tail increased over the range of the membrane potential from-40 to 10mV and above this range it becomes saturated. The outward current tail obtained in 10mM [K] o solution increased in a manner similar to that at 2.7mM[K]o,but the peak magnitude was about 80% of the value obtained at 2.7mM[K]o.A slight decrease in the magnitude of the outward current tail was observed when the potential of the preceding pulse was 20-30 mV. Decrease of the outward current tail at higher holding potential
The decrease in the magnitude of the outward current tail by raising[K]o may be due to a reduction in the driving force for K,which is defined by the difference between the membrane potential(E)and the K equilibrium potential (EK).To confirm these notions,the effect of reducing the driving force on the magnitude of the outward current tail was investigated by holding the membrane potential to higher levels at a constant EK. Figure  9A gives the results of the voltage clamp experiment,in which test pulses were applied from holding potenrepolarization became larger and the amplitude of the outward current tail decreased as the holding potential was shifted to a more negative level.When the magnitude of the outward current tail was plotted against the membrane potential during the preceding depolarizing test pulse (Fig.9B) ,it was found that the magnitude of the outward current tail decreased at all membrane potentials as the holding potential was increased.
DISCUSSION
Deceleration of the spontaneous rate of the action potential discharge of the S-A node cell at higher [K] o may be attributable to the decrease in magnitude of both the outward current tail and the transient inward current.Because of the reduced outward current tail,the maximum diastolic potential may decrease, resulting in an incomplete removal of inactivation of the transient inward current during the diastolic period.When the amount of the available transient inward current is reduced,the threshold potential for the action potential may shift in a positive direction so that the diastolic interval is prolonged.
One of the causes for the reduction of the magnitude of the transient inward current is the depolarization of the membrane at higher [K] o.The decrease of the maximum diastolic potential and of the resting membrane potential on raising cardium,but the depolarization was consistently observed at higher [K] o (DE MELLO and HOFFMAN,1960; TRAUTWEIN and KASSEBAUM,1961; NOMA and IRISAWA,1975) .In agreement with this fact,the reference potential,defined by the potential at which no net membrane current flows at the steady state (Figs.  1-3) ,decreased in response to increasing [K] o.It was suggested that the degree of inactivation of the transient inward current increased as the membrane became depolarized in the S-A node cell (NOMA and IRISAWA,1974) .
The magnitude of the transient inward current was reduced,however,when the effect of depolarization was removed by holding the membrane potential at a constant level at various [K] o (Figs.6 and 7) .This finding suggests that some mechanisms other than the inactivation are involved in the depressing effect of atrial fiber that the magnitude of the net slow inward current was decreased by an increased time-independent outward current under the effect of acetylcholine (EICK et al.,1976) .The time-dependent outward current may not significantly change the magnitude of the net inward current,because it is activated relatively slowly compared to the time course of the transient inward current during depolarization.Similar mechanisms as in the atrial fibers may be involved in the creased time-independent leak current at higher [K] (Fig.7) cannot be explained by the neutralizing effect of the time-independent outward current.The magnitude of the outward current at the end of the clamp pulse is too small to counterbalance the inward current. Therefore,an unknown additional mechanism may be involved in the depressing (CARMELIET,1961; HALL et al.,1963; VASSALLE,1965 1958; TRAUTWEIN and KASSEBAUM,1961; DECK and TRAUTWEIN,1964; VASSALLE, 1965; MCALLISTER et al.,1975; NoMA and IRISAWA,1976b The lasting interest and helpful criticism of Prof.H.Irisawa is greatly appreciated.The author also wishes to thank Dr.I.Seyama for helpful suggestions.This work was supported in part by the Matsunaga Research Grant.
